Human embryonic stem cells (hESCs) 
Introduction
The biomechanical properties of single cells may significantly influence tissue development and homeostasis. The physical characteristics of individual cells play a vital role in the generation of local stress-strain fields within the cellular microenvironment ͓1͔ and the forces in turn experienced by the nucleus ͓2͔. It has recently been observed that cellular mechanical properties may be indicative of phenotypic alterations within mesenchymal lineages ͓3,4͔. Hence, cell biomechanical techniques have emerged as potential tools for the characterization and identification of cell populations during various developmental or differentiation processes. The most common of these biomechanic methodologies are atomic force microscopy ͓5͔, micropipette aspiration ͓6͔, cytoindentation ͓7͔, and unconfined cytocompression ͓8͔, which can yield the elastic or viscoelastic material properties of single cells given the assumptions of isotropy, incompressibility, and homogeneity.
Examining the mechanical properties of single human embryonic stem cells ͑hESCs͒ is of particular interest due to the pluripotent nature of these cells and their clear potential in an array of regenerative medicine applications. The prospect for using an abundant alternative cell source, such as hESCs, in tissue engineering is particularly appealing since this would obviate the common concerns of donor tissue scarcity or of dedifferentiation during autologous cell expansion ͓9͔. Despite their potential, an examination of the mechanical properties of naive and differentiated hESCs has yet to be undertaken. An understanding of the mechanical characteristics of undifferentiated stem cells can greatly aid research investigating the forces necessary to promote differentiation into various cell lineages ͓10-14͔.
Embryonic stem cells have recently been utilized in cartilage tissue engineering efforts ͓15,16͔. Studying the mechanical properties of chondro-induced hESCs may identify certain differentiated cell subpopulations that are most similar to native chondrocytes. It is believed that these cell subpopulations will be most suited for use in a tissue engineering approach for articular cartilage since they would be able to sustain similar in vivo mechanical loads. In addition, through an understanding of the mechanical properties of these differentiated cell groups, loading regimens can be determined, which elicit favorable biochemical ͓17,18͔ or behavioral responses ͓19͔, and thus promote neotissue growth.
Several differentiation strategies have been previously investigated to chondrogenically induce hESCs within embryoid body ͑EB͒ cultures ͓15,20-22͔. Biochemical agents, such as transforming growth factor-␤ ͑TGF-␤͒ ͓23͔, or media supplements, such as Invitrogen's knock out serum replacer ͑KOSR͒ ͑Invitrogen, Carlsbad, CA͒ ͓24͔, have been employed to promote the chondrogenic phenotype. However, a prevailing concern among the various approaches is the production of nonuniform cell populations postdifferentiation ͓25͔. Thus, cell purification techniques are necessary to ensure that tissue engineered constructs are formed with homogeneous, chondrogenically differentiated hESCs. One such methodology, a Percoll gradient system, is capable of separating articular chondrocytes ͑ACs͒ based primarily on cell density, resulting in populations that differ in cell morphology, nucleus size, and protein synthesis ͓26,27͔. Moreover, cell fractions originating from embryonic cells have shown significant differences in chondrogenic potential, both in monolayer and micromass cultures ͓28͔. Therefore, it is of interest to examine potential differences in various chondro-induced hESC subpopulations, separated based on cell density.
The objectives of this study were to characterize the viscoelastic material properties of single hESCs and to identify mechanical differences between hESCs and their chondrogenically differentiated counterparts. Chondrogenesis was induced using two differentiation agents ͑TGF-␤1 and KOSR͒, and the resulting cell populations were fractionated based on density. Mechanical properties of the undifferentiated hESCs and differentiated hESC cell subpopulations were measured using unconfined creep cytocompression ͓8͔. We hypothesized that density separation of differentiated hESCs would yield subpopulations with different mechanical characteristics. We further hypothesized that a chondrogenically differentiated hESC subpopulation can be identified with stiffness properties and morphologies similar to those of native mesenchymal stem cells ͑MSCs͒ or ACs.
Materials and Methods

Chondrogenic Differentiation of Human Embryonic
Stem Cells. The National Institute of Health ͑NIH͒ approved H9 hESC line ͑Wicell, Madison, WI͒ was cultured at passage 39 according to Wicell's instructions on irradiated CF-1 mouse embryonic fibroblasts ͑MEFs͒ ͑Charles River Laboratory, Wilmington, MA͒. Colonies were passaged using 0.1% type IV collagenase ͑Invitrogen, Carlsbad, CA͒ every 4-6 days. For the final passage prior to EB formation, colonies were passaged onto Matrigel ͑BD Biosciences, San Jose, CA͒ coated plates to reduce contamination of hESC colonies with feeder cells. While on Matrigel, the colonies were given MEF-conditioned medium. Once the hESC colonies on Matrigel reached 70-80% confluence, dispase ͑0.1% w/v in DMEM/F-12͒ was applied for 10-15 min to lift the hESC colonies from the culture dish. This left MEFs behind to form EBs from the hESC colonies ͓29͔. After two washes with DMEM/F-12, the EBs were suspended in a chondrogenic medium containing either 1 ng/ml TGF-␤1 ͑Peprotech, Rocky Hill, NJ͒ or 5% KOSR ͑Invitrogen, Carlsbad, CA͒. The base chondrogenic medium consisted of high-glucose Dulbecco's Modified Eagle Medium ͑DMEM͒ ͑Invitrogen, Carlsbad, CA͒, 10 −7 M dexamethasone, insulin transferrin selenous acid ϩ premix ͑6.25 ng/ml insulin, 6.25 mg transferrin, 6.25 ng/ml selenious acid, 1.25 mg/ml bovine serum albumin, and 5.35 mg/ml linoleic acid͒ ͑Collaborative Biomedical, San Jose, CA͒, 40 g / ml L-proline, 50 g / ml ascorbic acid, and 100 g / ml sodium pyruvate. The EBs were then distributed into Petri dishes ͑Fisher, Hampton, NH͒ containing 15 ml of medium per dish. EBs were cultured for 3 weeks with media changes every 48 h.
EB Digestion and Density Separation.
Density separation of differentiated hESCs was performed as described previously for chondrocytes ͓27͔ and heart mast cells ͓30͔. Isotonic Percoll ͑Sigma, St. Louis, MO͒ was mixed with sterile phosphate buffered saline ͑PBS͒ ͑HyClone, Logan, UT͒ to produce a 60% stock solution. The stock was further diluted with PBS to produce Percoll solutions of 10%, 20%, 30%, 40%, 50%, and 60%. A preformed density gradient was created by sequentially layering 2 ml of each Percoll solution, starting with 60%, into a 15 ml conical bottom tube ͑VWR, Bridgeport, NJ͒. Two ml of DMEM containing the differentiated hESCs were carefully layered on top of the gradient, and the tube was centrifuged at 400ϫ g for 20 min. After centrifugation, the cells collect at the interface between Percoll layers, which relate to their cellular density. The interface between each density layer was then isolated along with 1 ml of Percoll above and below each interface, using a sterile pipette. The Percoll was diluted with 8 ml of DMEM, centrifuged at 200ϫ g, and the cell pellet was resuspended in 2 ml DMEM. Cells from each interface were counted with a hemocytometer.
2.3 MSC Culture and Articular Cartilage Isolation. Human MSCs from the bone marrow of one donor, age 35, were obtained from the Tulane Center for Gene Therapy ͑New Orleans, LA͒. Cells were seeded at 60 cells/ cm 2 in T75 flasks ͑BD Biosciences, San Jose, CA͒ and cultured in ␣-MEM ͑modified eagle medium͒ ͑Invitrogen, Carlsbad, CA͒ containing 16.5% fetal bovine serum ͑FBS͒ ͑Atlanta Biologicals, Lawrenceville, GA͒, 4 mM L-glutamine, and 100 units/ml penicillin/streptomycin ͑Invit-rogen, Carlsbad, CA͒. Cells were passaged every 7-10 days using 0.05% trypsin-EDTA ͑ethylenediaminetetraacetic acid͒͑Invitro-gen, Carlsbad, CA͒ and replated into T75 flasks. The undifferentiated MSCs were used for the experiment at passage 4.
Human ACs were isolated from a healthy cartilage of one donor, age 25, excised as part of a surgery at M.D. Anderson Cancer Center ͑Houston, TX͒ to remove an osteosarcoma ͑Rice University IRB approval No. 08-115X͒. Articular cartilage tissue was digested overnight using 0.2% collagenase type II ͑w/v͒ ͑Wor-thington Biochemical Lakewood, NJ͒ in supplemented DMEM ͑0.1 mM non essential amino acids, 100U/ml penicillin/ streptomycin, 0.25 g / ml fungizone͒ at 37°C and 10% CO 2 .
Cell Seeding.
Isolated cells from each density layer were resuspended in their appropriate differentiation medium ͑TGF-␤1 or KOSR͒ and seeded within a silicone isolator ͑PGC Scientifics, Gaithersburg, MD͒ onto a tissue culture dish to yield an approximate density of 3.8ϫ 10 4 cells/ cm 2 . Culture plates were incubated for 3-5 h at 37°C and 10% CO 2 , to allow for proper cell attachment prior to cytocompression testing. Previous studies in our laboratory have shown that seeding time after a minimum of 3 h does not affect the viscoelastic properties of single cells ͓31,32͔. The same seeding method was employed for undifferentiated hESC, human AC, and human MSC controls.
Creep Cytocompression.
Unconfined creep cytocompression experiments were performed on each experimental group ͑n Ͼ 10 cells/ group͒ using the same medium as the seeding phase, supplemented with 4-͑2-hydroxyethyl͒-1-piperazineethanesulfonic acid ͑HEPES͒ buffer ͑Fisher Scientific, Pittsburgh, PA͒ to prevent pH changes while the culture dish was exposed to ambient conditions. A previously validated creep cytoindentation apparatus ͓7,8͔ was used to apply controlled stresses onto single adherent cells via a 50.8 m diameter tungsten probe. Cells were positioned directly below the probe, as confirmed through visualization on an inverted microscope. The compressing tip was driven toward the cell by vertical control over the far end of the probe using a piezoelectric actuator. A laser displacement meter simultaneously tracked the true position of the probe tip ͑Fig. 1͒. Before each trial, the system was calibrated by comparing known piezoelectric displacements with recorded measurements from the laser micrometer. During cytocompression, the deflection of the probe ͑␦͒ was calculated based on the differences in piezoelectric movement and laser displacement measurements. Cantilever beam theory was then used to calculate the reaction force by the cell, based on known physical parameters of the
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Transactions of the ASME tungsten probe and the measured deflection distances. Finally, a closed-loop algorithm was employed to maintain a constant force level of 100 nN onto each cell for 30 s by appropriately moving the piezoelectric actuator. Cell diameter was measured with a reticle in the microscope objective. Applied stress was defined as the force divided by the maximum cell diameter. Cell height was determined by measuring the contact distance between the probe and the culture dish after each test, and comparing it to the contact distance of the cell.
Viscoelastic Properties.
The unconfined compression creep behavior of single cells was fitted to a standard linear viscoelastic solid model. Previous work has shown that the viscoelastic model accurately depicts the initial creep behavior of single chondrocytes ͓8͔. Briefly, this model considers the cell to be an isotropic, homogeneous, and incompressible viscoelastic solid undergoing small deformations. It yields three unique material properties: instantaneous modulus ͑E o ͒, relaxed modulus ͑E ϱ ͒, and apparent viscosity ͑͒. The experimental deformation behavior of single cells over time was analyzed using the following equations:
where u͑t͒ is the cell deformation over time, is the applied constant stress, h o is the initial cell height, H͑t͒ is the step function, and and are the stress and creep relaxation time constants, respectively. Creep curves were fitted to this viscoelastic model using MATLAB 6.5 ͑The MathWorks, Natick, MA͒, via the nonlinear Levenburg-Marquardt method.
Histology and Immunohistochemistry.
To confirm cartilaginous differentiation of the hESCs, representative EBs from the TGF-␤1 and KOSR groups were frozen in cryoembedding medium and sectioned at 12 m thicknesses. Safranin-O and fast green staining was used to examine the presence of sulfated glycosaminoglycans ͑s-GAGs͒ ͓33͔. Additional slides were processed with immunohistochemistry ͑IHC͒ analyses to visualize collagen types I and II. Briefly, these slides were fixed in chilled acetone, quenched of exogenous peroxidase activity with 3% H 2 O 2 in methanol, blocked with serum ͑Vectastain ABC kit, Burlingame, CA͒, and incubated with either mouse anticollagen type I antibody ͑Axell, Westbury, N.Y.͒ or rabbit anticollagen type II antibody ͑Cederlane, Burlington, NC͒. The appropriate mouse or rabbit secondary antibody ͑Vectastain ABC kit͒ was applied, followed by the avidin-biotinylated enzyme complex ͑Vectastain ABC kit͒, diaminobenzidine ͑DAB͒ reagent ͑Vector Labs, Burlingame, CA͒, and hematoxylin counterstain to visualize nuclei. Native tendon and articular cartilage served as positive and negative controls. To assess if the hESCs had differentiated along other mesenchymal lineages, additional slides were processed with Von Kossa and oil red O stains for mineralization and adipose tissue, respectively.
Data Analysis.
Analysis of variance was used to discern differences in mechanical properties among all differentiated hESC and control groups, with a Tukey's post hoc test when warranted. Significance was defined as p Ͻ 0.05 throughout the study.
Results
hESC Differentiation and Density Separation.
Positive staining was observed for s-GAGs, and collagen types I and II in EBs from both TGF-␤1 and KOSR differentiation regimens ͑Fig. 2͒, suggesting a cartilaginous differentiation. Staining with Von Kossa and oil red O was negative ͑data not shown͒, indicating the absence of undesired differentiation. Subpopulations of chondrogenically differentiated hESCs were isolated based on cell density ͑Fig. 3͒. In the TGF-␤1 group, cells were identified within 10-20% ͑TGF 10-20͒, 20-30% ͑TGF 20-30͒, 30-40% ͑TGF 30-40͒, 40-50% ͑TGF 40-50͒, and 50-60% ͑TGF 50-60͒ density interfaces, respectively. In the KOSR group, cells also fell within 10-20% ͑KOSR 10-20͒, 20-30% ͑KOSR 20-30͒, 30-40% ͑KOSR 30-40͒, 40-50% ͑KOSR 40-50͒, and 50-60% ͑KOSR 50-60͒ density interfaces, respectively. The percentage of cells isolated at each Percoll density interface for both differentiation regimens is given in Table 1 . Due to the low cell yield in the TGF 10-20, KOSR 10-20, KOSR 40-50, TGF 50-60, and KOSR 50-60 groups, mechanical testing of these subpopulations was not possible.
Viscoelastic Properties and Cell Morphologies.
The deformation behavior of single cells in response to a 100 nN step load was fitted to a viscoelastic model ͑Eqs. ͑1͒-͑3͒͒ to yield an instantaneous modulus, relaxed modulus, and apparent viscosity. , and AC groups, respectively. Differences in E ϱ were observed between differentiation regimens, among the TGF-␤1 subpopulations, and between hESC and all TGF-␤1 groups, and the KOSR 20-30 group. In addition, the TGF 30-40 and 40-50 groups were not different in E ϱ from MSC and AC groups. Notably, the E ϱ of ACs was also greater than MSCs.
The apparent viscosity values were 0.43Ϯ 0.44 kPa s, 0.53Ϯ 0.38 kPa s, 1.66Ϯ 1.63 kPa s, 
Discussion
The use of hESCs in regenerative medicine is an exciting approach with direct applications to tissue engineering. This study was designed to examine the mechanical properties of hESCs and chondrogenically differentiated hESC subpopulations, using MSCs and ACs as controls. Two differentiation regimens ͑TGF-␤1 or KOSR͒ were utilized, and the resulting subpopulations were separated based on cell density. Confirming our hypotheses, this study presents several notable findings relating to cellular mechanics and chondrogenic differentiation. First, the mechanical characteristics of single hESCs were investigated and directly compared with native human MSCs and ACs. Second, the density gradient technique was successfully employed to separate cell subpopulations with distinct mechanical properties. Finally, a subpopulation of differentiated hESCs was identified with similar mechanical and morphological properties as native chondrocytes.
To our knowledge, this is the first study to examine the mechanical properties of single hESCs, a necessary step toward understanding the role of mechanical factors in cellular homeostasis and differentiation. It is well established that hESCs are mechanosensitive cells and respond differentially to applied forces or their three-dimensional mechanical environment ͓10,12͔. For instance, previous research has employed dynamic compression ͓13͔ and hydrostatic pressure ͓34͔ as successful differentiation agents for hESC chondrogenesis. In addition, changes in substrate rigidity and scaffold porosity, which are intimately linked with the transduction of forces on to single cells, can promote a desired embryonic stem cell differentiation ͓35͔. Therefore, an understanding of the mechanical properties of hESCs may greatly aid research toward identifying an appropriate loading regimen and mechanical environment, which induce a favorable cellular differentiation. In the future, this information can be coupled with traditional biochemical differentiation agents, such as growth factors, to optimize hESC differentiation approaches in the laboratory.
The reported hESC characteristics were directly compared with MSCs and native ACs to yield the "mechanical range" of single cells along the chondrogenic lineage. Phenotypic changes during chondrogenesis are manifested by changes in cytoskeletal structure and cellular morphology ͓36-39͔, which in turn contribute substantially to altered cellular mechanics ͓32,40͔. Examining me- 
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Transactions of the ASME chanical changes during cartilage development on the single cell level sheds light on the role of biomechanical factors in healthy tissue formation and maintenance of the cellular microenvironment ͓11͔. In this experiment, cells became more rounded with differentiation to suggest continued rearrangement of the cytoskeleton. Moreover, parallels between the progression of cellular phenotype and mechanics can be drawn. It was found that the instantaneous modulus of hESCs was approximately 45% and 40% that of MSCs and ACs, respectively. In terms of the relaxed modulus, increases were observed from hESCs to MSCs ͑ϳ2-fold͒ and from MSCs to ACs ͑ϳ1.5-fold͒. Thus, cellular stiffening appears to coincide with chondrodifferentiation. Moreover, the observed differences in stiffness properties between hESCs, MSCs, and ACs may be indicative of the types of forces each of the cells typically is exposed to in vivo. For instance, mature native ACs must withstand high compressive loading in articular cartilage ͓41͔ and therefore need to be stiffer, while hESCs or MSCs experience primarily nondeformational hydrostatic forces, although at different levels, in the developing embryo or limb bud ͓11͔. Density separation was successfully utilized to isolate cell subpopulations with different mechanical properties. It is of great interest to identify an effective methodology to purify nonhomogeneous cell populations for use in tissue engineering. Both differentiation methods yielded subpopulations with properties distributed along the mechanical range from hESCs to ACs. For example, the instantaneous modulus of TGF 20-30 cells was akin to that of MSCs, while the TGF 40-50 subpopulation was similar only to ACs. Interestingly, no differences in cell morphology ͑e.g., cell height and diameter͒ were observed among the separated hESC subpopulations, suggesting that the mechanical differences were related to cytoskeletal and organelle densities. In light of this counterintuitive finding, mechanics may be a finer tool to detect differences among cell populations. Thus, it is particularly exciting to observe, for the first time, that the density separation can be utilized to isolate cells with unique mechanical properties. Therefore, future studies should compare this separation technique to more traditional cell sorting methodologies, such as fluorescenceactivated cell sorting ͑FACS͒ and magnetic-activated cell separation ͑MACS͒ ͓42,43͔.
Unconfined cytocompression was then employed to identify a subpopulation of differentiated hESCs potentially suitable for articular cartilage tissue engineering. While all of the differentiated hESC subpopulations were more rounded than undifferentiated hESCs, only the TGF 40-50 and KOSR 30-40 groups were not morphologically different from ACs. Of these two groups, only the TGF 40-50 subpopulation was similar to ACs with regards to all viscoelastic material parameters. Moreover, TGF 40-50 cells were fourfold higher in apparent viscosity than undifferentiated hESCs, which is suggestive of a transformation from elastic to viscoelastic mechanical behavior ͓8͔. This coincides with previous research demonstrating the important role of vimentin intermediate filaments, minimally present in hESCs, in maintaining the chondrocyte phenotype ͓36͔ and a viscoelastic response to an applied load ͓40͔. Identification of a differentiated hESC subpopulation with similar mechanical properties as native chondrocytes may provide utility in tissue engineering. These cells will need to withstand any mechanical stimulation regimen employed to augment the functional characteristics of engineered tissue ͓44͔, as well as the highly mechanical environment in the native joint ͓41͔. If the cells are too soft, they may experience nonphysiologically high strain levels during normal loading activity. It has been shown that mechanical behavior of chondrocytes is straindependent and that beyond a critical point cells can no longer recover from the applied strain, suggestive of a breakdown in the cytoskeleton or other pathogenic changes ͓19͔. Conversely, if the differentiated hESCs are too stiff, the necessary levels of mechanical stimulation may not be reached to maintain chondrocyte homeostasis ͓45͔. Thus, the TGF 40-50 subpopulation may prove to be a valuable cell source for cartilage regeneration.
Creep cytocompression is a powerful methodology to infer changes in cell physiology, as long as the results are taken within Transactions of the ASME is in regards to the assumptions necessary to yield viscoelastic properties to describe the cell. In this study, cells were considered to be homogeneous, isotropic, and incompressible materials. While all cell types are unquestionably complex arrangements of organelles, cytoskeletal structures, and nuclear components, the previous assumptions in material behavior facilitate ease in data analysis and allow for consistent comparisons across all experimental groups. Despite the aforementioned caveats, approaches in single cell mechanics have been successfully utilized to distinguish cells based on zonal arrangement within a tissue ͓5,31͔, pathogenic state ͓48͔, and phenotype ͓4͔. Thus, mechanical differences between single cell populations may be retained after isolation in vitro and may not be entirely dependent on the cellular microenvironment and biochemical factors. Moreover, the creep curves generated for all groups in this study fit well to the theoretical viscoelastic model employed. Taking these considerations in tandem, single cell mechanical testing may be a suitable method to identify changes indicative of hESC chondrogenesis. This study identifies cellular mechanics as an important marker for phenotypic changes. We have elucidated mechanical and morphological differences between hESCs, MSCs, and ACs, which may be indicative of changes in intracellular structures or the cellular mechanical environment during chondrogenesis. Using a density separation technique, we were able to distinctly isolate subpopulations with unique mechanical characteristics. Furthermore, from these subpopulations, we identified one group of differentiated hESCs with similar mechanical properties as native ACs, which may be useful in future cartilage tissue engineering efforts. An understanding of the mechanical characteristics of undifferentiated and differentiated hESCs may have implications toward elucidating the role of physical forces in promoting specific cellular phenotypes.
